Abstract-Broadly tunable sum-frequency generation has been observed in a vapor of atomic sodium in the presence of a dc electric field. This field induces a x(') nonlinearity which is resonantly enhanced when the sum frequency corresponds to the energy separation between the ground state and an atomic Rydberg state. In a vapor of number density 4 X l O I 4 ~m -~, we obtain an energy conversion efficiency as large as 3 X lo4 and a x ( 2 ) as large as 1.2 X ESU. We have also observed sum-frequency generation in the absence of an applied dc field, and we relate these observations to mechanisms that have been proposed to explain this effect.
INTRODUCTION
HERE is currentIy great interest in sum-frequency generation as a means of producing tunable ultraviolet radiation
[l] -[ 101 . Most of the mixing processes that have been demonstrated thus far make use of a third-order or optical nonlinearity, in which case three input fields combine to produce the output frequency.
To avoid the inconvenience of using three separate laser sources, such mixing experiments usually derive at least two of the input fields from a single laser. In such cases, at least one of the intermediate steps of the mixing process is usually nonresonant, which limits the efficiency with which the ultraviolet frequency can be produced.
In this paper, we describe a nonlinear mixing process utilizing two input lasers in which each intermediate step is resonantly enhanced [ 1 11 , [ 121 . As shown in Fig. 1 , an incident laser field at frequency w connects the sodium 32S1/2 ground Manuscript received January 16, 1984; revised April 24, 1984. interact by means of the nonlinear response of an atom with eaergy eigenstates li), li), and Ik). In the experimental work, these states correspond to the 3 2S1p, 3 2 P 3 p , and a Rydberglevel, respectively. state to the 3 2 P 3 / 2 excited state while a second laser field at frequency o 2 completes a two-photon resonance with a sodium Rydberg level. In addition, a dc electric field is applied to the atomic system. This field breaks the inversion symmetry of the sodium atom, and thus allows the existence of an electric dipole moment oscdlating at the sum frequency w 3 = o + w2 [ 131 . The resulting nonlinear polarization is related to the applied field strengths E(w,) and E ( w z ) through the relation
where the nonlinear susceptibility describing the mixing process is given by [ 1 1 ]
0018-9197/84/0900-1074$01.00 0 1984 IEEE Here N denotes the number density of atoms, and plm denotes the electric dipole matrix element connecting levels I and m.
In these equations we have suppressed the tensor aspect of the nonlinear susceptibility since in our experiment all of the electric fields were polarized in the same direction. In the absence of the dc electric field, at least one of the three matrix elements appearing in (2) 
ESU.
In addition to modifying the electric dipole selection rules, the dc electric field results in a splitting and shifting of the Kydberg levels through the Stark effect. This phenomenon leads to regions of broad tunability of the sum-frequency generation process. The positions of the Stark-shifted Rydberg levels can be predicted by diagonalizing the Hamiltonian matrix describing the sodium Rydberg states in the presence of a dc electric field. Such a calculation has been performed by Zimmerman et al. [ 161 ; the results for energies near that of the n = 15 manifold are shown in Fig. 2 . For field strengths <I500 V/cm, the I > 2, m = 0 sublevels display a linear Stark effect and fan out from these zero-field positions. At higher field strengths, the various levels are strongly mixed and cover nearly completely the region between successive values of the principal quantum number.
EXPERIMENTAL SETUP
The setup used in our experimental study is shown in Fig, 3 . An excimer laser (Lumonics Model 861s-2) operating at 308 nm with XeCl was used to pump two dye lasers. Each laser consisted of a two-grating Littman-style [17] oscillator followed by a power amplifier. One laser (hereafter called the yellow laser) used rhodamine 6G as the laser dye and was tuned to the vicinity of the D2(32S1/,-32P3,2) resonance line. The other laser (the blue laser) used stilbene 1, stilbene 3, POPOP, or DPS as the laser dye and could be tuned Over the range 3900-4300 a to access all Rydberg levels with n > 11. These lasers produced output energies of typically 0.5 mJ with linewidths of -5 GHz and durations of -4 ns. The output beams from these lasers were combined using a dichroic beam splitter and were loosely focused to obtain a beam diameter of several millimeters inside the sodium vapor cell. This cell presented an interaction length of 25 mm and was constructed of commercially available stainless steel vatuum fittings. The cell windows are 25 mm diameter sapphire flats permanently attached to standard vacuum flanges. Plane parallel Stark plates were mounted inside the cell at a separation of 5 mm. A stainless steel sidearm, high voltage feedthrough, and pump-out line were welded to the body of the cell. The pump-out line consists of a 1 m long stainless steel capillary tube that is spiraled about the body of the cell. This design prevents the rapid diffusion of sodium out of the interaction region. Typically, the cell was operated with no buffer gas and with the cell body at a temperature of 410°C and the sidearm at a temperature of 330°C, thus producing a sodium number density of 4 X 1 014 crnv3. High voltage pulses were applied to the Stark plates simultaneously with the arrival of the laser pulses. The high voltage pulses were produced by an avalanche transition chain (2N555 I) that was triggered by a portion of the laser output beam using a fast photodiode. The risetime of the electrical pulse was -1 ns, and a short pulse duration of -10 ns was used to avoid establishing a breakdown in the sodium vapor.
The beam exiting the sodium cell was focused onto the entrance slit of a quartz-prism monochromator. Additional spectral discrimination was provided by UV-transmitting interference filters. The ultraviolet signal was detected using a solar blind photomultiplier tube (Hamumatsu R166 UH) and was processed using a boxcar averager.
EXPERIMENTAL RESULTS Resonantly enhanced sum-frequency generation is found to occur whenever the yellow laser is tuned near (to within -10 . f i of) the sodium D lines and the blue laser is tuned to complete a two-photon resonance with a Rydberg state. The W signal is emitted in the forward direction in a beam whose divergence angle is comparable to that of the incident lasers (several milliradians). The magnitude of the W signal has been found to depend critically on the temporal overlap of the laser and high voltage pulses [ 121 . Furthermore, the pulse length of the sum frequency signal is found to be comparable to that of the incident lasers to within the 6 ns risetime of our photomultiplier.
We have also verified that the wavelength of the UV signal tunes as the wavelength of the blue laser is varied. These observations indicate that a true parametric process is occurring and rule out the possibility that the observed signal is due to fluorescence excited by the lasers or by a high voltage discharge.
We have conducted a systematic study of the tuning characteristics of the sum-frequency generation process. A typical tuning curve is shown in Fig. 4 . Here the intensity of the W output signal is plotted as a function of the wavelength of the blue laser, with the yellow laser detuned 1.1 A to the short wavelength side of the D2 resonance line. Resonance enhancement of the output signal is observed whenever the sum frequency is coincident with a Stark-split resonance of the sodium atom. The I B 2 levels are seen to mix and spread out in a fan as predicted by the theoretical curves shown in Fig. 2 .
A series of high resolution scans through the region near the 12p level is shown in Fig. S for several different valves of the dc field strength. Here the yellow laser is tuned close to the D2 resonance line. The centroid of the resonance is seen to shift to higher energies with increasing dc field strength, in agreement with the theoretically predicted behavior shown in Fig. 2 . Especially at the lower field strength, a pronounced dip is observed in the tuning curve. This dip is presumed to be a phase matching effect and not due to absorption of the generated W radiation because the calculated value of the line center absorption coefficient based on the tabulated value [18] of the oscillator strength of the 3s + 12p transition is only 0.02 cm-' .
Scans covering a much broader spectral interval are shown in Fig. 6 for several different values of the dc field strength. In these scans a large portion of the Rydberg series of the sodium atom is clearly visible. In the absence of the dc electric field, narrow resonances are observed whenever the blue laser wavelength has a value such that o1 + o2 is resonant with a Rydberg s or d state. The existence of sum-frequency generation in atomic vapors in the absence of applied fields is well documented [19]-[2S] , although the origin of this effect is not completely understood. Several different mechanisms have been proposed to explain the origin of this effect, and it is likely that any of these mechanisms can become important in specific cases. Our results are most consistent with the mechanism proposed by Mossberg et al. [22] and Miyazaki et al. [23] which assumes that the second-order nonlinearity is induced by an electric field generated by photo-ionization of the atomic species followed by radial charge separation. This photo-ionization rate is enhanced when the applied fields are tuned to a two-photon allowed resonance with an s or d level, leading to the peaks observed in our data. Another proposed mechanism that can produce a second-order nonlinearity in an atomic vapor is an electric quadrupole or magnetic dipole coupling between two of the interacting levels [19]-[21] , [24] . This model cannot explain our observation of sum frequency generation at the 3s-ns frequency since no multipole moment connects two s states. At an applied dc field strength of 400 V/cm, resonances appear at the energies of the s, p , and d levels, as shown in Fig. 6 . As the field strength is increased still further, the position of the p-state resonance shifts to higher energy, that of the s-state resonance remains approximately fixed, and the breadth of the d-state resonance increases.
In Fig. 7 we show a series of scans obtained for several different values of the detuning of the yellow laser and with the dc electric field fixed at its maximum value. We see that the positions of the resonances excited by the blue laser depend on the detuning of the yellow laser, as expected for a twophoton resonantly enhanced parametric mixing process. These curves also show that at the largest field strengths the various resonances have broadened into one another, leading to broad regions of continuous tunability.
We have performed another measurement to determine the maximum achievable value of the nonlinear susceptibility under our experimental conditions. The maximum output signal is obtained with the yellow laser detuned 1 cm-l to the high-frequency side of D2 and with the blue laser tuned to complete a two-photon resonance with the 13s level, with a dc field strength of 2000 V/cm. Under these conditions, the measured conversion efficiency (defined as the ratio of the UV output energy to the total energy of the two input pulses) was found to be 3 X The nonlinear susceptibility is calculated using the equation relating the input and output intensities to the length of the interaction region and to the k-vector mimatch Ak [26] . For our conditions, the k vector mismatch is due primarily to the dispersion of the D 2 resonance line and has the value 58 cm-'. Taking the input energies as 0.08 mJ, the pulse length as 4 ns, and the laser beam radius as 1.3 mm, we calculate the value x(2) = 1.2 X IO-' ESU. Due to uncertainties regarding our beam profile within the interaction region, this value is probably accurate only to within a factor of 3. This measured value is in good qualitative agreement with the predicted value given above.
CONCLUSIONS
In conclusion, we have demonstrated that extremely large values of the second-order nonlinear susceptibility can be obtained through use of Rydberg states perturbed by an external electric field. Values of x(2) as large as 1.2 X lo-'
ESU have been obtained in a sodium vapor of density 4 X 1014 This value is approximately ten times larger than that of KDP. The splitting of the highly excited levels due to the external electric field creates a broad region of overlapping levels, leading to continuous tunability. This technique can be applied to any system displaying a Rydberg series. When applied to a system with a large ionization potential such as hydrogen or a noble gas, it should be capable of producing coherent tunable radiation in the extreme ultraviolet.
